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The dodecaboride LuB12 with cage-glass state and rattling modes has been studied to clarify
the nature of the large amplitude vibrations of Lu ions. Discovered anisotropy of charge transport
in conjunction with distortions of the conventional fcc symmetry of the crystal lattice may be
attributed to coherent motion of Lu ions along singular direction in the lattice. Arguments are
presented in favor of cooperative dynamic Jahn-Teller effect in the boron sublattice to be the reason
of the rattling mode, lattice distortion and formation of the filamentary structure of the conductive
channels.
PACS numbers: 61.66.Fn, 72.15.Gd:
Introduction. – Rattling compounds have attracted
wide interest in the last few decades due to their in-
triguing and exotic physical properties. Rattling effect
(a large amplitude vibration of an atom in an oversized
atomic cage) can be responsible for an extremely low
thermal conductivity and high thermoelectric efficiency
in various cage compounds, such as filled skutterudites
[1], β-pyrochlore oxides [2], clathrates [3], RT2Zn20 (R=
Pr, La;T= Ir, Ru) [4], quadruple perovskites [5], higher
borides RB12 [6], etc. These local excitations may also
affect the electronic properties of solids due to strong
electron-phonon coupling [6]. The nature of rattling mo-
tion and the mechanisms of its influence on the unusual
properties and exotic ground states is still under ques-
tion.
Among rattling compounds the rare earth and tran-
sition metal dodecaborides RB12 (R = Y, Zr, Tb-Lu)
represent the simplest, model objects with face-centered
cubic (fcc) NaCl-type crystal lattice (space group Fm3m-
O5h) built by B12 cubooctahedra and metal atomsR cen-
tered in the large cuboctahedral cages B24 formed by six
neighboring B12 units (Fig. 1a,b). Strong covalent bonds
between boron atoms (both within B12 units and between
them) form a rigid boron framework (Fig. 1b), which
changes insignificantly in the RB12 family. Large differ-
ence between the size of B24 cage (r(B24) ∼ 1.1 − 1.15A˚
[7]), and the radius of metallic ions (0.8−0.97A˚) leads to
a formation of loosely bound state of the heavy ion in the
rigid B24 cage, resulting in low frequency (14 − 18 meV
[8]) dispersion-less (Einstein-like, rattling) vibrations in
the phonon spectrum of dodecaborides. The electron de-
ficiency in the boron lattice is compensated by transfer
of two valence electrons (6s2) from each R atom to B12
cluster, while the third valence electron (5d1) in RB12
enters the conduction band. So, all rare earth dodeca-
borides are good metals, in which conduction band at
the Fermi level is mainly contributed from 5d-states with
a small admixture of B 2p-electrons [9]. The only excep-
tion is a narrow-gap semiconductor YbB12 with exotic
insulating ground state, which is observed in the regime
of strong charge and spin fluctuations. Besides, YbB12
undergoes a metal-insulator transition at T ∗ ∼ 60 K
[6, 7, 10]. Thus, these RB12 rattling compounds cover a
variety of ground states and the regimes of charge trans-
port, that ranges from the unusual superconductivity in
LuB12 and ZrB12 [7] and Kondo insulator [6, 7, 10] or
topological crystalline insulator behaviour [11] predicted
for YbB12 to the complicated magnetic ordering and pe-
culiar incommensurate magnetic structures detected for
TbB12-TmB12 antiferromagnets [7].
It is particularly important that there are some exper-
imental evidences for the local structural distortions in
the cubic lattice of RB12 at low temperatures. It has
been recently concluded [12] that these dodecaborides
RB12 tend to form a cage-glass phase through the order-
disorder phase transition (at T ∗ ∼ 60 K in LuB12), that
results in freezing of R ions in the random positions inside
the B24 cages. Besides, x-ray diffraction studies [13] dis-
covered a significant tetragonal distortion of the atomic
structure of LuB12 in the vicinity of this phase transition.
Given that LuB12 is a reference compound for the fam-
ily of RB12, it is important (i) to investigate an inter-
play between the rattling effect and features of crystalline
and electronic structure and (ii) to shed more light on
the nature of rattling in this non-magnetic dodecaboride.
Analysing the influence of rattling mode on the transport
and structural properties of LuB12 we studied in detail
the changes of crystal structure and the anisotropy of
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FIG. 1. (Color online) (a) a NaCl-like unit cell of LuB12,
with Lu (red spheres) as Na and B12 clusters (green spheres)
as Cl. (b) two large B24 polyhedra centred by Lu atoms and
a smaller B12 cubooctahedron between them. (c) The tem-
perature dependence of the lattice parameters a, b and c.
charge carriers scattering developed at low temperatures
in the cage-glass state of LuB12. Then, searching for the
mechanism governing the large amplitude vibration of
R ion we present here the results of quantum chemical
calculations and geometry optimizations for negatively
charged [B12]
2− cluster. Our results argue in favour of a
cooperative dynamic Jahn-Teller effect in the boron sub-
lattice as a possible mechanism responsible for the rat-
tling modes, structural distortions and charge transport
anisotropy in LuB12.
Experimental results. – Details of experiment are given
in Supplementary materials [14]. Precise x-ray diffrac-
tion reflexes and quantum oscillations of magnetization
(see Figs. in [14]), testify to the high quality of the crys-
tals. The [100]- and [010]- elongated rectangular sam-
ples (#1 and #2 hereafter) with equally oriented (100),
(010) and (001) faces were cut from one ingot of LuB12
(Fig.2c). The resistivity ρ(T) curves for LuB12 crys-
tals #1 (measuring current I||[100])and #2 (I||[010]), are
shown (Fig.2a) in the absence of an external magnetic
field (H = 0, curves 1 and 2 correspondingly) and in
steady magnetic field of 80 kOe directed along the crys-
tal axes [001] (curve 3 for #1, curve 4 for #2), [010]
(curve 5 for #1) and [100] (curve 6 for #1 and 7 for #2).
A significant anisotropy of the transverse magnetoresis-
tance (∼ 20%) is observed below T ∗ ∼ 60 K at H = 80
kOe, especially for the crystal #2 (see curves 4 and 6
in Fig.2a, 2b for comparison), in spite of the fact that
H-directions [001] and [100] are symmetry-equivalent in
cubic crystals. In addition, a minimum is observed be-
low T ∗ on the dependences ρ(T,H = 80 kOe) and the
temperature lowering is accompanied with a growth of
resistivity (see Fig.2b). Such behaviour cannot be at-
tributed to the Kondo scattering of charge carriers, be-
cause it is accompanied with a large positive magnetore-
sistance in these LuB12 crystals. Note that the resistiv-
ity ρ(T,H = 80 kOe) minimum below T ∗ is accompanied
with a maximum in the vicinity of 60 K on the RH(T )
curves for I||[110], which was detected earlier both in
LuNB12 with various isotopic composition in boron (N -
natural, 10 and 11) [15] and in substitutional solid solu-
tions Zr1−xLuxB12 [16] and this anomaly of Hall effect
was associated with the transition to the cage-glass state.
To clarify the nature of the anisotropy of the transverse
magnetoresistance at low temperatures, angular depen-
dences ρ(ϕ) were measured at 2 - 4.2 K in the magnetic
fields up to 80 kOe by rotating the crystals #1 and #2
around their current axes. Families of curves ρ1(ϕ) for
I||[100] (sample #1) and ρ2(ϕ) for I||[010] (sample #2)
are shown in Fig.2d. Evidently, the angular dependences
of ρ2(ϕ) do not correspond to those expected for a cu-
bic structure. As mentioned above, the great difference
is recorded for H||[001](ϕ = 0◦) and H||[100](ϕ = 90◦),
although these directions are equivalent in cubic crystals.
On the contrary, the sample #1 gives a set of ρ1(ϕ) singu-
larities corresponding to practically equivalent directions
[001], [010] (see Fig.2d and [14]). The anisotropy of mag-
netoresistance is clearly resolved in the polar coordinates
in Fig.2e, where the difference ρ2(ϕ)−ρ1(ϕ) = f(ϕ,H) is
presented in the coloured picture. It is clearly discerned
from Fig.2e that conduction channels, which are trans-
verse to the plane (001), appear in the LuB12 matrix.
Crystal structure. – In accordance with arguments pre-
sented in [13], the fcc symmetry of LuB12 is notably dis-
torted at low temperatures. Conventional software for
the structure analysis results in calculated electron den-
sity (ED) replicating the symmetry of structure model
if even the symmetry of real ED is distorted. To pro-
vide the ability to derive probable violations of symme-
try from difference Fourier maps, the crystal structure
must be analysed using a less symmetrical model (see
[14] for details). Unit-cell values of LuB12 were refined
without any symmetry restriction over the temperature
range 20-300 K. Very small (∼ 0.001 A˚, see Fig.1c) but
steady difference of the lattice constants a, b, c was re-
vealed, which was not accompanied by steady deviation
of angular parameters from 90◦. Cubic metric of the unit
cell was kept, since revealed differences in the unit-cell
values b 6= a ∼= c (Fig.1c) was too small to influence on a
result of the structure refinement. Thermal vibration of
the Lu ions was described by an isotropic parameter in
order that assumed anisotropy of residual ED near the
Lu site could reveal itself most clearly.
Difference Fourier maps were built based on the results
of the Fmmm structure refinement at temperatures 90
and 295 K (Fig. 3, see [14] for details). Each Lu site in
the cubic Fm3m structure lies at the intersection of three
4-fold axes perpendicular to three faces of the cubic cell.
As may be seen (Fig.3a,b), residual ED distribution near
Lu(0, 1
2
, 1
2
) in the x = 0 face is not bound by a 4-fold axis
even at room temperature, what does not actually agree
with Fm3m.
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FIG. 2. (Color online) (a,b) Temperature dependences of the resistivity ρ(T ) for LuB12 crystals #1(I||[100]) and #2 (I||[010])
are shown in the absence of an external magnetic field (H = 0, curves 1,2 corespondingly) and in steady magnetic field of
80 kOe directed along the crystal axes [001] (curve 3 for #1, curve 4 for #2)), [010] (curve 5 for #1) and [100] (curve 6 for
#2). (c)Two [100] and [010] -elongated rectangular samples #1 and #2 with equally oriented (100), (010) and (001) faces were
cut out from one single-crystalline disk of LuB12. Angular dependences of ρ1(ϕ) and ρ2(ϕ) obtained rotating correspondingly
the crystals #1 and #2 around their current axes in various magnetic fields up to 80 kOe at temperatures 2 - 4.2K. (e) The
anisotropy of magnetoresistance ρ2(ϕ)− ρ1(ϕ) = f(ϕ,H) presented in the polar coordinates.
FIG. 3. (Color online) Difference Fourier maps (residual ED ∆g, e/A˚3) in the x = 0 face of the LuB12 unit cell at 90 (a) and
295 K (b), respectively. Red circle is the Lu-site; green circles are B-sites. The (c, d), (e, f) and (g, h) panels are relief drawings
of difference Fourier maps made in the vicinity of the Lu-ion, in the x = 0, z = 0 and y = 0 faces of the unit cell, whereas first
and second rows of overall picture correspond to temperatures 90 K and 295 K, respectively.
Relief fragments of difference Fourier maps at x = 0
(Fig. 3c,d), z = 0 (Fig. 3e,f), y = 0 (Fig. 3g,h) are pre-
sented in three next columns of Fig.3 for better visu-
alization of residual ED distribution near the Lu site.
Most notable maxima of residual ED are observed along
the y-axis, along which the smaller period b 6= a ∼= c is
detected (Fig.1). Amplitudes of residual peaks of ED in-
crease significantly with temperature decrease being lo-
cated ∼ 0.4 − 0.7A˚ away from a central Lu site. Tak-
ing temperature behaviour of the unit-cell values into
account, the character of structural distortion is closer
to tetragonal. Unique y-axis is not an ideal 4-fold axis
but can be considered as such a symmetry element to a
certain approximation [14].
4FIG. 4. (Color online) (a) JT splitting of triply degenerate highest occupied molecular orbital with four electrons is indicated.
Molecular structure of isolated cluster [B12]
2− in the local JT energy minimum as obtained from DFT geometry optimization
calculations [14] (projection (b) and perspective view (c)). Principal atomic distances (A˚) and bond angles are indicated. The
structure exhibits the C2h symmetry. There are three groups of equivalent (symmetry related) boron atoms shown as pink,
red, and blue balls.
Discussion. – To understand possible reasons for (i)
the symmetry deviation of the LuB12 crystal from the cu-
bic one, (ii) the significant anisotropy of the transverse
magnetoresistance and the associated non-equivalence of
the directions H||[001] and H||[100] in the charge carri-
ers scattering (Figure 2d-e, [14]), and (iii) the growth
of resistance with the temperature lowering in a steady
magnetic field (Fig. 2b), we discuss herein a possible sce-
nario associated with the Jahn-Teller (JT) effect. More
specifically, because of triple orbital degeneracy of the
ground electronic state, the B12 molecules are JT-active
and thus their structure is labile due to JT-distortions.
In this case, upon decreasing temperature, some intrin-
sic structural defects (such as boron vacancies and mixed
10B - 11B isotope composition of B12 molecules) can lift
degeneracy due to symmetry lowering and may cause
an electronic phase transition associated with JT struc-
tural instability. Similar phase transformations produced
by JT-effect of B12 icosahedra were earlier observed in
higher borides [17].
In order to establish the amplitude and type of the
JT distortions in B12 cuboctahedra, we performed quan-
tum chemical calculations and geometry optimizations
for charged [B12]
2− cluster, whose doubly negative charge
state is regarded as the most relevant in RB12 compounds
(see [14]). The structure is shown in Fig. 4. Interestingly,
the actual symmetry of the JT distorted cluster (C2h) is
lower than the symmetry of tetragonal (D4h) and trigonal
(D3d) JT minima expected from the JT theory [18]. The
amplitude of the JT distortions of isolated B12 clusters
is rather pronounced as the bond lengths and bonding
angles can vary by ∼ 0.1A˚ and ∼ 5◦, respectively (Fig. 4
and [14]).
These results provide evidence that the JT structural
liability of B12 clusters should play an important role
in the microscopic mechanism of lattice distortions of
LuB12 at low temperatures. Taking into account that
B12 clusters form an extended 3D covalent network, being
connected by B-B covalent bonds, one can suggest that
structural JT liability should retain and reinforce in the
boron sublattice of the dodecaborides. The reinforcement
due to cooperative dynamic JT effect manifested both in
static and dynamic lattice properties may be considered
as the cause of large amplitude displacements of Lu atoms
in oversized B24 cages, resulting in quasi-tetragonal dis-
tortions of the fcc lattice and the anisotropy of magne-
toresistance in LuB12 at low temperatures. Therefore,
the rattling modes can be attributed to quantum mo-
tion of the Lu ions in the double-well potentials (DWPs)
with the minima displaced from each other on the dis-
tance of 0.4 − 0.7A˚ along the y-axis (see Figs. 3c and
3e). As a sequence of these large amplitude vibrations
of heavy ions the 5d− 2p hybridization of electron states
along the unique y-axis changes dramatically resulting in
formation of conductive channels (dynamic stripes [19])
with a strong charge carrier scattering on the filamentary
structure. Thus, the proposed scenario may be used to
explain naturally the anisotropy of the charge transport
in LuB12.
The barrier height ∆E = 51−97K in DWP is detected
[20] for LuB12 with different numbers of boron vacancies
and Zr impurities. Concentration of Lu ions displaced
from centres in B24 cubooctahedra is estimated to be 3 -
8 at.%. This agrees well with the 3.6 at.% concentration
of the off-site Lu ions obtained from the EXAFS measure-
ments at low temperatures [21], where Lu-displacements
by 0.2− 0.3A˚ are established.
Conclusion. – Lutetium dodecaboride has been stud-
ied here as the model rattling compound to clarify the
nature of rattling modes and their influence on the crys-
tal structure and properties. Precision measurements of
the crystal structure and charge transport at low temper-
atures allow detecting the symmetry lowering, which may
be attributed to coherent quasi-local vibrations (rattling
modes) of Lu ions along singular direction in the dode-
caboride lattice. It has also been shown that there is
an extra source of lattice instability in LuB12 related to
the Jahn-Teller effect of B12 clusters, which can manifest
in concert with displacements of Lu atoms in oversized
B24 cages resulting in cooperative dynamic Jahn-Teller
5lattice distortions and conduction band changes.
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